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ABSTRACT 


Over the past few years, multiple types of modifications have been proposed 
onto the Direct Torque Control (DTC) scheme. Among others is the 
implementation of Space Vector Modulation (SVM). In this paper, two new 
control strategies are proposed onto an SVM-DTC. Instead of using PI torque 
and flux controllers, a fuzzy logic control method is implemented in the 
proposed modification to achieve a more constant switching frequency while 
minimizing the torque error. The fuzzy logic controller controls the voltages 
in direct and quadratic reference frame (Vd, Vq). This approach fully utilizes 
the switching capability of the inverter and thus improving the overall system 
performance. To overcome issues in open loop stator flux such as DC drift 
and saturation, a closed loop estimation method of stator flux is also 
proposed based on voltage model and low pass filter. The performance of the 


proposed control strategy is benchmarked with that of a conventional DTC— 
SVM. Simulations and experiments were carried out and the results show 
that the proposed method outperforms the conventional DTC-SVM in terms 
of DC-offset elimination and overall system robustness. 


Induction motor 
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1, INTRODUCTION 

Direct Torque Control (DTC) is a control scheme that grants electronic variable speed motor 
controllers with an excellent torque manipulation [1]. With DTC schemes in the AC drives, the use of 
machine parameters can be minimized. However, despite the good performance that DTC has shown so far, 
there are still rooms for improvement is certain aspects of the scheme [2]. Over the past few years, scientists 
and researchers around the globe have been coming up with methods and modifications to improve DTC in 
terms of motor performance during start up, overload conditions, low speed spinning and many more [3]. 
Among other issues in a conventional DTC scheme is the high torque ripple generated [4]. Several methods 
to address this problem have been proposed in the literature, such as regulating the pulse duration of the 
output voltage vector so as to make it directly dependent on torque-ripple minimization. Although 
modifications as such can extensively reduce the torque ripple, the complexity of the overall algorithm is in 
praised and it becomes difficult to be implemented. 

A standard DTC generally consists of a pair of hysteresis comparators, torque and flux calculators, a 
lookup table, and also a voltage-source inverter (VSI) [5]. Some major issues associated with this 
conventional setup can be found in the literature, including switching frequency that varies with operating 
conditions, high torque and flux ripples with current distortion, just to name a few. In the proposed fuzzy 
SVM-DTC strategy for induction machine reported in [6, 7, 8], two fuzzy logic regulators are adopted. These 
fuzzy regulators replaced classical PI regulators in the proposed scheme. Apart from this, another two 
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different modifications were proposed in [8-12] to improve DTC performances. One of the proposed 
modification is to optimize the PI controller using Genetic Algorithm (GA). The other modification is carried 
out basing on a hybrid fuzzy sliding mode control theory. Some other researchers used a fuzzy PI controller 
in the speed control loop. This modification is carried out by substituting the PI controller to a hysteresis 
controller and replacing the switching table with SVM [13, 14]. All the modified schemes showed significant 
improvements in relative to a conventional DTC. Beside fuzzy logic and GA, Artificial Neural Network 
(ANN) has also been proposed to enhance DTC. A multi layer neural network is implemented in [15] to 
emulate the traditional switching look up table method. This modification successfully obtained an optimal 
switching pattern for induction motors. In [15], a wavelet neural networks (WNN) is applied in a direct 
torque and flux control for the induction motor drives. The WNN controller with the structure of nonlinear 
auto regressive moving average based neural network (NARMA) is implemented as a speed controller to 
control the torque. 

In this paper, two control strategies are proposed for DTC with SVM (DTC-SVM). The contribution 
of this paper is two-fold and can be summarized along the following lines. First, the PI torque and flux 
controllers are replaced with two respective fuzzy controllers. This enables the DTC-SVM scheme to 
minimize torque errors, reduce total harmonic distortions of stator current and provide a more consistent 
switching frequency. Secondly, a modified close loop integration algorithm of stator flux estimation is 
proposed. This algorithm scheme is carried out basing on a voltage model with the stator current in a low 
pass filter. Simulations and experiments were carried out to examine the performance of the proposed 
modifications. The results show that the proposed method is successful in minimizing torque errors. The 
ripples in the flux and the torque of the stator at low motor speed are significantly reduced. 


2. INDUCTION MOTOR MODELLING 
The modelling of an induction motor is expressed in a d-q fixed reference frame in 
Equations (1) to (6) 


Veaq = Rs isag + —Wsaq — Wy Wsaq (1) 
0 = Ry inag +—Wraq — j(Wg — Wr rag (2) 
Wsaq = lstsag + bntrag (3) 
Wrag = Yvleag + mleag (4) 
Te = = Lin(Wsa tsq — Wsq tsa) (5) 
Te — Ty =J—Wm + BWn (6) 


Where w,, w,, and w,, refer to generic reference system, rotor electrical and mechanical speed 
respectively. R, and R, denote resistances of stator and rotor. L,, L,, L,, represent stator, rotor and mutual 
inductances. Y,a, and Yq, stand for the stator and rotor flux in d-g frame respectively. T, and T; are the torque 
of motor and load. i,q, and i,q, refer to currents of stator and rotor while B and J denote friction coefficient 
and inertia of the system. Figure 1 shows the equivalent circuit in d-reference frame and q-reference frame. 
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Figure 1. Equivalent circuits of induction motor in (a) d-reference frame (b) q-reference frame 
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3. DTC-SVM 

DTC is a method designed to be used in variable frequency drives to control the torque of a three 
phase AC motor, from which the speed of it can eventually be manipulated. The main components in a 
conventional DTC include a decoupled control of the motor torque and motor flux magnitude. The general 
working principle of a DTC is to tune the inverter to the corresponding instantaneous error estimated in 
torque and stator flux magnitude of the motor. From it, the inverter is switched to the appropriate voltage 
vectors basing on a switching table to be fed into the induction motor. To improve the overall performance of 
the system and to achieve a constant switching frequency, the hysteresis comparator in a DTC-SVM is 
replaced by PI torque and flux comparators. The switching mechanism is also replaced by an SVM, as shown 
in Figure 2. 
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Figure 2. The block diagram of DTC-S VM 


4. CLOSED LOOP FLUX ESTIMATION 

The calculations in the DT'C-SVM algorithm are based on averaged values while the switching 
signals for the inverter are generated by the space vector modulator. There are several issues with this 
arrangement that affect the overall performance of the system especially during low motor speed. Among 
others is the open loop integration of stator flux estimation which can cause DC drifts and saturations. The 
estimated stator flux values can greatly affect the overall performance of a DTC. This motivated us to come 
up with a method to overcome this problem. A closed loop integration algorithm for stator flux estimation is 
proposed. The calculations in the algorithm are based on stator current and voltage model in a low pass filter. 
The general block diagram is as shown in Figure 3. 
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Figure 3. The block diagram of the stator flux estimation scheme 
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The transfer function is as shown in equation (7). 





wsals) _ __ (Kp stki) | T5* We (7) 
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Figure 4 shows the closed loop stator flux estimation in direct axis as derived from equation (7) in 
the form of a block diagram. 





Figure 4. The block diagram of the closed loop stator flux estimation 


5. FUZZY LOGIC CONTROLLER 

A fuzzy logic control scheme (FL) is adapted into the proposed method. The estimated torque values 
are compared to their references and the errors obtained are fed as inputs into the FL. These errors are 
normalized and the values are within the range of -1 to +1. The FL minimizes the torque errors and obtains 
property voltages in quadrature reference frame (Vqs) with constant switching frequencies. The proposed FL 
is as illustrated in Figure 5. The PI torque and flux controller in the conventional DTC is replaced by two 
fuzzy logic controllers. The estimated value of stator flux is compared to the actual stator flux value. The 
calculated error is then fed into the fuzzy logic controller. This minimizes the total harmonic distortion of the 
Stator current. 
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Figure 5. The block diagram of the fuzzy logic control in a DTC 


Figure 6 shows the closed loop block diagram of stator flux reference value and the stator flux 
estimation magnitude. 





Figure 6. The block diagram of the flux control loop 
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6. SIMULATION RESULS 

Experimental simulations were carried out in MATLAB/SIMULINK in order to verify the proposed 
scheme. The stator flux and torque estimation loop for the drive are also designed and included in the 
simulations. The proposed torque and flux fuzzy regulators are developed using the fuzzy Toolbox. Table 1 
shows the parameters setting of the induction motor. The efficiency and overall performance of the enhanced 
method with fuzzy logic feature (as shown in Figure 5) 1s benchmarked with that of a conventional SVM- 
DTC. 

A very low speed operating condition of 5Orad/sec under full-load torque (14.5 Nm) is set for 
performance benchmarking. Figure 7 shows the steady state response comparison of the modified SVM-DTC 
with a conventional SVM-DTC under such operating condition. It can be observed that the modified SVM- 
DTC yielded much smoother steady state performance graphs, especially in terms of torque and rotor speed. 
The modified scheme achieved a steady state of rotor speed in a minimal of 0.2 second. The rotor speed of 
the conventional SVM-DTC, on the other hand, overshot to 15rad/sec with significant ripples and reached 
steady state only after 2.2 seconds. With the enhancing features in the proposed method, the overshoot in 
torque is significantly reduced from 27Nm to 14Nm. Undershoot condition is also eliminated with the 
implementation of the proposed scheme. The ripples of the torque is reduced 70% from 1Nm to 0.3Nm. The 
starting current is also successfully reduced from 14A to 10A with no significant distortion. The enhanced 
scheme yielded ripple-free stator flux at steady state. The torque error between estimated torque and its 
reference is at mere 0.2Nm as a constant switching frequency is achieved using the modified method. In 
comparison, the torque error in the conventional SVM-DTC changes from 0.2Nm to -2Nm due to variable 
switching frequency and low control system performance. 


Tablel. The parameters setting of the induction motor 


3-phase 
30 Hz 


400 V 
N, = 1450rpm 
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Figure 7. (a)-(j) Results comparison of the proposed method in blue 
and a conventional SVM-DTC in red 
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Figure 7. (a)-(j) Results comparison of the proposed method 
in blue and a conventional SVM-DTC in red 


7. CONCLUSION 

In this paper, a modified DTC-SVM with the enhancements of fuzzy logic control and closed loop 
stator flux estimation is proposed for asynchronous motor drives. Instead of a conventional PI controller, 
a fuzzy logic controller is used for torque controlling with the aim to minimize the error between estimated 
torque value and its reference. On the flux control, the implimented fuzzy logic algorithm successfully 
minimized the total harmonic distortion of the stator current by reducing the error between the estimated 
stator flux and the stator flux reference. 

In the proposed modification also includes a closed loop stator flux estimation. The purpose of 
implementing a closed loop flux estimation is to overcome DC drifts and saturation problems. Simulations 
and hardware experiments were conducted. The results indicate that the modified DT'C-SVM 1s able to 
reduce the ripples in generated torque and flux. This enhanced DTC-SVM also successfully minimized the 
distortion in stator current with fast response of rotor speed change. It can thus be concluded that the 
modified DTC-SVM enhanced with closed loop stator flux estimation and fuzzy logic control performs well 
in general-purpose asynchronous motor drives. 
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